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We describe a scenario where the smallness of neutrino masses is related to a global symmetry
that is only violated by quantum gravitational effects. The proposed implementation of our scenario
leads to axion particles that decay into neutrinos, which could be probed through cosmological
measurements and may help explain the Hubble parameter tension. Depending on the details of the
implementation, the scenario could provide axion dark matter candidates.
The two outstanding mysteries of particle physics and
cosmology - the origin of small neutrino masses and
the nature of dark matter (DM) - provide the most
compelling phenomenological evidence for new physics.
While neutrinos are well-established ingredients of the
Standard Model (SM), we do not know what type of
physics provides the DM content of the Universe - about
25% of its total energy budget [1].
The smallness of neutrino masses, mν <∼ 0.1 eV,
could be a manifestation of ultraviolet (UV) physics,
or it could be explained by a tiny dimensionless cou-
pling ∼ O(10−12). A popular example of UV physics
that could explain why neutrino masses are small is the
seesaw mechanism with ultra-heavy right-handed neutri-
nos, leading to left-haded Majorana states at low ener-
gies [2]. The heavy right-handed neutrinos could be as
heavy as ∼ 1014 GeV. Larger masses would lead to non-
perturbative couplings and are not generally considered.
This mechanism predicts low energy lepton number vio-
lation manifested as rare neutrinoless double beta decays,
suppressed by small Majorana masses <∼ 0.1 eV. Despite
its theoretical appeal, the seesaw picture of small mν is
quite challenging to verify experimentally and may not
yield to direct confirmation.
In principle, one could imagine that some symme-
try forbids neutrino masses at the renormalizable level.
Then, if this symmetry is very weakly broken we could
end up with tiny mν . In this work, we will entertain
this possibility and assume there is a global U(1)g sym-
metry that demands mν = 0. However, it is generally
expected that gravitational effects lead to violations of
global symmetries. A macroscopic version of this expec-
tation posits that a black hole destroys global charges
and is fully described by mass, spin, and gauge charges.
Hence, we will allow the U(1)g symmetry to be violated
by operators that are suppressed by non-perturbative
“gravitational instantons.” Operators that do not vio-
late U(1)g are then assumed to be present in the effec-
tive theory, only suppressed by powers of Planck mass
MP ≈ 1.2× 1019 GeV.
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The gravitational effects of interest in this work can
only be fully determined in a consistent theory of quan-
tum gravity, which is still under investigation and re-
mains an open problem. Nonetheless, string theory seems
to contain all the necessary ingredients for such a frame-
work and many qualitative results can be gleaned from
its possible structures. From a general relativistic point
of view, semi-classical studies of wormholes [3, 4] and
black holes also offer such insights. While we make no
pretense that this work represents an ab initio treatment,
we will use ideas and results inspired by the above ap-
proaches to argue for a qualitative picture of how neu-
trino masses may be low energy manifestations of UV
quantum gravitational processes at energy scales ∼ MP.
Recent work on implications of non-perturbative gravi-
tational processes on low energy effective theories can be
found in Refs. [5, 6]; see also Ref. [7] for a scenario con-
necting DM and sterile neutrinos through gravitational
interactions. For prior work where generation of heavy
right-handed neutrino masses from string theory instan-
ton effects was considered see Ref. [8]. We will give a
more concrete description of our scenario next.
We will take the above gravitational instanton effects
to be associated with an action S. While the size of this
action depends on the details of the underlying spacetime
geometry and the quantum theory of gravity, it has been
argued that a typical size for S is given by
S ∼ 2pi
αG
, (1)
where αG ∼ 1/25 is roughly the grand unified gauge cou-
pling [9, 10]. Absent a strong motivation for a particular
value, for the purposes of our work here we will generally
assume that [10]
1/30 <∼ αG <∼ 1/20 ⇒ e−S ∼ 10−82 − 10−55. (2)
As we will show later, the above choice yields numeri-
cally interesting results that demonstrate the utility of
our scenario, while corresponding to UV motivated val-
ues. We will assume that these instantons could mediate
transitions between neighboring vacua labeled by their
U(1)g charges, in a similar fashion that non-perturbative
electroweak processes allow transitions among vacua with
ar
X
iv
:2
00
3.
04
90
8v
1 
 [h
ep
-p
h]
  1
0 M
ar 
20
20
different B + L charges, where B and L are baryon and
lepton numbers, respectively [11].
In what follows, we will assume that new physics, such
as supersymmetry, required to have a consistent UV the-
ory of quantum gravity appears only at or close to MP.
Hence, other than the weak scale, set by the SM Higgs
doublet vacuum expectation value (vev) 〈H〉 ≈ 174 GeV,
the only other fundamental mass scale that appears in
our treatment is MP. Mild variations on this assumption
could be absorbed into the uncertainties on the value of
S in a realistic theory.
Let us denote SM singlet fermions, often called right-
handed neutrinos, by νR; we postulate that these
fermions have charge Qg(νR) under U(1)g, assumed to be
respected at the classical and renormalizable level. Here,
we will take the general view that since these states are
not charged under any SM interactions, they can reason-
ably be expected to be from an entirely different sector
and only couple to the SM neutrinos through “gravita-
tional interactions.”
If the dim-4 “Dirac mass” term H∗L¯νR is forbidden
by U(1)g, it will lead to zero neutrino masses; here L
is an SM lepton doublet. However, as mentioned ear-
lier, it is generally expected that non-perturbative grav-
itational effects would not respect U(1)g. Yet such vio-
lations of the associated charge would be exponentially
suppressed by e−∆QgS , where ∆Qg is the net magnitude
of the charge of the operator.
It is natural to assume that we only need to have
Qg(νR) = 1, with all SM fields uncharged under U(1)g
(we will later show why this minimal setup would not
yield acceptable values of mν). Therefore, we could have
a Dirac mass term e−SH∗L¯νR in the low energy effective
theory. However, this interaction will lead to negligibly
tiny masses <∼ 10−44 eV for neutrinos, given the refer-
ence values in Eq. (2). Note that a “Majorana” mass
term for νR of the form e
−2SMPνRνR could be generated
through gravitational effects, but it would be extremely
small <∼ 10−91 eV. For comparison, the inverse size of the
visible Universe, given by the present day Hubble param-
eter H0 ∼ 10−33 eV, is enormously larger. Hence, for all
intents and purposes both types of neutrino masses are
zero at the renormalizable level.
Since the gravitationally generated dim-4 interactions
do not yield the inferred values of mν ∼ 0.1 eV, we need
to consider other contributions from higher dimension op-
erators. Therefore, we are led to consider additional fields
that allow forming U(1)g neutral operators, to avoid se-
vere suppressions from instanton effects. Let us introduce
a scalar Φ with U(1)g charge Qg(Φ).
We will attempt to generate acceptable “Dirac masses”
mν . Hence, to avoid further suppressions, we need to
make sure that any induced Majorana masses for νR sat-
isfy mR  mν . Generally speaking, we then need to
ensure that operators of the type ΦnνRνR, with n ≥ 1,
are sufficiently suppressed. We will hence choose a set
of charges that will make this possible and also lead
to operators that can provide the right size of mν .
Our choice for the purposes of illustration here will be
(Qg(Φ), Qg(L), Qg(νR)) = (1,−2,−3), with all other
fields uncharged under U(1)g. Note that this charge as-
signment is presumably not unique, but we will show that
it could lead to interesting results. In what follows, we
will refer to this choice as “Model I.”
With the above charges, we can write down the follow-
ing dim-5 operator
O5 ∼ ΦH
∗L¯νR
MP
, (3)
which has ∆Qg = 0 and hence can be generated by grav-
itational effects unsuppressed by instanton effects. If the
vev of Φ is non-zero, 〈Φ〉 = φ0/
√
2, we will then get
neutrino Yukawa couplings to the Higgs yν of the size
yν ∼ 〈Φ〉
MP
. (4)
To get the correct mass for the neutrinos, we need
yν〈H〉 ∼ 0.1 eV. This requires yν ∼ 10−12 and hence
〈Φ〉 ∼ 107 GeV.
To generate 〈Φ〉 6= 0, we consider the potential
V (Φ) = −m2Φ†Φ + λ(Φ†Φ)2 , (5)
where m is the mass parameter of Φ and λ is its O(1)
self-coupling constant. Given the above considerations,
we expect a heavy scalar φ of similar mass, mφ ∼ 〈Φ〉,
upon spontaneous breaking of U(1)g. However, if the
U(1)g is fully respected we would also end up with a
massless “Goldstone” boson or axion a in the low en-
ergy effective theory. The vev 〈Φ〉 is then identified with
the decay constant of a. As discussed earlier, we expect
gravitational effects to violate U(1)g through the action
of non-perturbative instantons and thus to generate a
potential for a, given by [9]
Va ∼ −e−SM4P cos
a
φ0
. (6)
The above yields a mass for the axion
m2a ∼ e−S
M4P
φ20
, (7)
which for our choice of parameters yields
10−10 GeV <∼ ma <∼ 3× 103 GeV (Model I). (8)
Let us parametrize Φ as
Φ =
φ+ φ0√
2
eia/φ0 . (9)
Using Eq. (3), we find that the coupling of a to Dirac
neutrinos ν is given by
ga a ν¯γ5ν =
〈H〉√
2MP
a ν¯γ5ν =
mν
φ0
a ν¯γ5ν , (10)
2
which is - as expected for an axion - proportional to neu-
trino masses and suppressed by the axion decay constant.
We then find ga ∼ 10−17 for the above model. The life-
time τa of a from decay into neutrinos is given by
τ =
8pi
g2ama
∼ 1013 s
(
20 MeV
ma
)(
10−17
ga
)2
. (11)
For comparison, the age of the Universe is tU ∼ 4 ×
1017 s ∼ (2×0−42 GeV)−1 and the the cosmic microwave
background (CMB) era roughly corresponds to tCMB ∼
1013 s. Given the possibility of a cosmologically long
lifetime for the axion, it is interesting to consider it as a
possible signature of the above model, as we will discuss
next.
The decay of DM could leave an observable imprint on
the evolution of the Universe. In Ref. [12], this general
possibility was considered and its effects on CMB and
matter power spectra were examined. These authors find
that the fraction of DM f that decays at a rate Γ is
bounded by [12]
f Γ < 15.9× 10−3 Gyr−1 (95% CL). (12)
Using Eq. (11), we can recast the above bound as
f ma <
8.9× 10−42
g2a
GeV. (13)
The initial energy density stored in a is of order m2aa
2
i ,
where ai is the initial amplitude of the axion a. The oscil-
lating modulus energy density drops with the expansion
of the Universe like that of matter, that is like T 3, where
T is temperature. We interpret f to be the ratio of the
axion energy density to that of cosmic DM at matter-
radiation equality marked by Teq ∼ eV; for f = 1 the
axion is assumed to constitute all DM. Thus, demand-
ing the axion energy density to redshift to ∼ fT 4eq at
T ∼ T eq, we find
f ∼ a2i
(
g∗
M2P
)3/4(√ma
Teq
)
. (14)
For our reference values (8), assuming the maximum am-
plitude ai = φ0, we present the values of f versus ma in
Fig. 1, shown as the solid line. The dashed line repre-
sents the 95% C.L. limit from Eq. (13); values of f above
this line are excluded.
Our mechanism could potentially provide a resolution
of a persistent tension between values of present time
Hubble parameter H0 determined from the CMB [13]
and local [14, 15] measurements, with the latter yield-
ing a result that is a few standard deviations larger than
that obtained from the former. We note that this ten-
sion could be a result of underestimated or unknown sys-
tematic uncertainties, however it has persisted for some
time and its significance has been at an interesting level
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FIG. 1: Unstable fraction f of dark matter versus ma in
Model I (see the text for details). Values above the dashed
line, corresponding to the 95% C.L. limit from Ref. [12], are
excluded.
(recent work in Ref. [16] suggests that it now stands at
4.4σ). Hence, it is reasonable to entertain the possibility
that it could be due to new physics.
One of the proposed resolutions of the above H0 ten-
sion postulates late time DM decay into dark particles or
radiation [17–21]; see also Ref. [12]. Such resolutions of
the H0 tension could require that only a sub-dominant
component of DM decay by the present epoch; see, for
example, Ref. [17]. We would then need a cosmologically
stable component, that we will not specify here, to ac-
count for the DM observed today. Axion decays in Model
I would lead to a population of relativistic neutrinos, that
behave like dark radiation. A more detailed study is
required to examine whether our scenario could plausi-
bly alleviate the Hubble parameter tension. Nonetheless,
given that the general features of a resolution are present
in our proposal, let us elaborate on this possibility some
more.
If axions make up a fraction f of DM energy density,
today’s flux could be of order
F ν0 ∼ f ρDM/ma, (15)
where ρDM ∼ 1.3× 10−6 GeV cm−3 is the cosmic value
of DM energy density. We are interested in DM decay
after the CMB era, corresponding to tCMB ∼ 1013 s.
From Eq. (11), τ >∼ tCMB requires ma <∼ 20 MeV.
Using Eq. (14), we then have f <∼ 10−5 and hence
F ν0
>∼ 20 cm−2 s−1. To see if this flux is detectable we
need to know its typical energy at the present time.
During the matter dominated era, corresponding to t >∼
tCMB , we have t ∼ R3/2, with R the cosmic expansion
scale factor. If the decay takes place at time td ∼ τ
(instantaneous approximation), then the energy of the
neutrinos at present time Eν0 is roughly given by
Eν0 ∼
ma
2
(
τ
tU
)2/3
, (16)
3
where the energy of decay final state neutrinos is assumed
to be ∼ ma/2, i.e. of order the cosmologically unstable
DM mass, which we have identified with ma. Hence, for
ma <∼ 20 MeV, we find Eν0 <∼ 10 keV. This energy is small
enough that it presents a challenge to detection, which
typically requires O(MeV) energies.
To explore further possibilities of the gravitational neu-
trino mass generation mechanism proposed here, let us
consider a simple extension of the above setup that could
lead to alternate phenomenology. We will call this exten-
sion “Model II.” Here, we propose to expand the model
by another global symmetry U(1)′g. From a UV (string
theory) point of view, one expects a multitude of such
symmetries, see e.g. Ref. [9]. In principle, U(1)g and
U(1)′g symmetries would be violated by separate instan-
tons of action S and S′, respectively. We will assume
that S = S′, as distinct numerical values are not neces-
sary for our illustrative examples, given the broad range
considered in Eq. (2).
We will also assume that there is an additional scalar
Φ′. The U(1)g charge assignments of the fields are
as follows: (Qg(Φ), Qg(Φ
′), Qg(L), Qg(νR)) = (1, 0, q +
1, q) and the corresponding U(1)′g assignments are
(0, 1, 0,−1). Therefore, we can write down the follow-
ing gravitationally mediated dim-6 operator
O6 ∼ ΦΦ
′H∗L¯νR
M2P
, (17)
which, in order to generate the correct size for mν re-
quires
〈Φ〉〈Φ′〉
M2P
∼ 10−12. (18)
As before, any dim-4 Dirac masses for neutrinos would be
exponentially suppressed by instantons. We will assume
the same instanton processes would lead to violations of
U(1)g and U(1)
′
g symmetries. Also, Majorana masses
for νR would dominantly originate from operators of the
from
〈Φ〉2q〈Φ′〉2νRνR
M2q+1P
. (19)
For q = 2, we find a Majorana mass ∼ 4×10−17 eV which
is  mν and hence we could take mν to be a Dirac mass
generated from the O6 operator in Eq. (17), to excellent
accuracy.
Let 〈Φ〉 = φ0/
√
2 and 〈Φ′〉 = φ′0/
√
2; we will denote
the axions associated with these fields by a and a′, respec-
tively. Let us choose φ0 = 10
9 GeV and φ′0 = 10
17 GeV,
as illustrative examples. By analogy with the discussion
of Model I and Eq. (7), we find
10−12 GeV <∼ ma <∼ 30 GeV (Model II) (20)
and
10−20 GeV <∼ ma′ <∼ 3× 10−7 GeV (Model II). (21)
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FIG. 2: Lifetime, in units of τ∗ = f 2.0 × 1018 s, for the
unstable DM fraction f of axion a in Model II, assuming
ai = φ0 (see the text for details). Values below the dashed
line, corresponding to the 95% C.L. limit from Ref. [12], are
excluded.
One could show that the couplings of the a and a′ axions
to neutrinos in Model II are, as expected, ga = mν/φ0 ∼
10−19 and ga′ = mν/φ′0 ∼ 10−27, respectively.
The bound in Eq. (12) is equivalent to
τ > f 2.0× 1018 s . (22)
Using Eqs. (11) and (14), and assuming ai = φ0, in Fig. 2
we have plotted the values of the axion a lifetime in units
of τ∗ ≡ f 2.0 × 1018 s, as a function of f . Hence, Model
II can lead to a non-negligible fraction of unstable DM
that decays on time scales comparable to tU , and thus
a potentially detectable flux of neutrinos from a → ν¯ν.
Let us estimate the flux of these neutrinos.
We will assume that there is a spherical distribution of
DM particles centered around the Earth, with radius D.
One can then show that the flux F of neutrinos from the
decay of DM arriving at Earth is given by
F ≈ Dρ
mτ
, (23)
where ρ is the DM energy density. In the Galactic neigh-
borhood of the Solar System, we have ρS ≈ 0.3 GeV
cm−3 [22], say, for D ∼ 0.5 kpc. For ma ∼ 5 MeV
and ai = φ0, using Eq. (14), we find f ∼ 0.05 and
τ ∼ 4 × 1017 s. Based on this set of possible pa-
rameters, we see that the flux of neutrinos with energy
Eν ∼ 2.5 MeV will be given by F ∼ 3 × 105 cm −2
s−1, including a mixture of flavors of both neutrinos
and anti-neutrinos. Interestingly, this is not far from
the level of “geo-neutrino” flux that has been observed
by both Kamland and Boerxino collaborations[23, 24].
For example, the Kamland result for the flux of ν¯e is
3.4+0.8−0.8 × 106 cm−2s−1. We see that current the uncer-
tainty in this measurement is [25] is close to the above
neutrino flux from axion decays; similar conclusions ap-
ply to the Borexino results [26]. Hence, in principle, more
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FIG. 3: Initial amplitude of oscillations a′i in units of φ
′
0,
versus m′a in Model II, assuming that the axion a
′ constitutes
all DM (see the text for more details).
precise measurements of that flux, together with more
accurate geological models, could probe parts of the pa-
rameter space of Model II.
In Fig. 3, we have presented the initial misalignment,
in units of φ′0, needed for the axion a
′ to constitute all
DM, that is for f = 1. Note that the lifetime of a′ is
much larger than tU , by O(1020) or more, over the en-
tire range of masses in Eq. (21). Since over the refer-
ence range of ma′ the misalignment required is less than
unity, all values can represent potentially viable DM can-
didates. For the lower end of the range, corresponding to
ma′ >∼ 10−11 GeV, such DM may be produced copiously
by spinning solar mass black holes [27, 28], which can be
probed by gravitational wave measurements [29, 30].
To summarize, we have proposed that the small masses
of neutrinos may be a hint for a global symmetry that re-
quires them to vanish. Such a symmetry is expected to be
explicitly broken by non-perturbative quantum gravita-
tional effects. Since we also require that the symmetry be
spontaneously broken, our scenario leads to appearance
of light axions, which generically couple to to neutrinos
and can decay into them. As the axions could constitute
a fraction or all of dark matter, we could expect interest-
ing imprints of this scenario on cosmological evolution.
Simple extensions of the basic model can accommodate
cosmologically stable dark matter axions, as well as an
unstable axion population that could potentially lead to
an observable neutrino flux. We pointed out that the de-
cay of this sub-dominant component into neutrinos could
help alleviate the current tension between local and cos-
mological determinations of the Hubble parameter.
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